In order to gain further insight into the early virus-host interactions associated with highly pathogenic avian influenza virus infections in chickens, genome-wide expression profiling of chicken lung and brain was carried out at 24 and 72 h postinoculation (h p.i.). For this purpose two recombinant H5N3 viruses were utilized, each possessing a polybasic HA 0 cleavage site but differing in pathogenicity. The original rH5N3 P0 virus, which has a low-pathogenic phenotype, was passaged six times through chickens to give rise to the derivative rH5N3 P6 virus, which is highly pathogenic (Diederich S, Berhane Y, Embury-Hyatt C, Hisanaga T, Handel K et al. J Virol 2015;89:10724-10734). The gene-expression profiles in lung were similar for both viruses, although they varied in magnitude. While both viruses produced systemic infections, differences in clinical disease progression and viral tissue loads, particularly in brain, where loads of rH5N3 P6 were three orders of magnitude higher than rH5N3 P0 at 72 .p.i., were observed. Although genes associated with gene ontology (GO) categories INFa and INFb biosynthesis, regulation of innate immune response, response to exogenous dsRNA, defence response to virus, positive regulation of NF-kB import into the nucleus and positive regulation of immune response were up-regulated in rH5N3 P0 and rH5N3 P6 brains, fold changes were higher for rH5N3 P6. The additional up-regulation of genes associated with cytokine production, inflammasome and leukocyte activation, and cell-cell adhesion detected in rH5N3 P6 versus rH5N3 P0 brains, suggested that the balance between antiviral and pro-inflammatory innate immune responses leading to acute CNS inflammation might explain the observed differences in pathogenicity.
INTRODUCTION
Influenza A viruses that infect domestic poultry have been categorized into two pathotypes: low-pathogenic avian influenza virus (LPAIV) and highly pathogenic avian influenza virus (HPAIV). Among the 16 HA subtypes that have been isolated from birds, only viruses of the H5 and H7 subtypes have been associated with the capability of evolving into a highly pathogenic form and are hence of regulatory concern. H5 and H7 avian influenza viruses that infect poultry are categorized as either LPAIV or HPAIV on the basis of the mortality they induce following intravenous inoculation of 6-week-old chickens or by the presence of multiple basic amino acids in the cleavage site of the haemagglutinin precursor HA 0 (www.oie.int/index.php?id= 169&L=0&htmfile=chapitre_avian_influenza_viruses.htm).
We previously showed that the functional balance between the HA and NA contributes to the pathogenic phenotype of a recombinant H5N3 influenza A virus that possesses a polybasic HA 0 cleavage site [1] . The phenotypically lowpathogenic rH5N3 P0 precursor virus (rH5P0) became highly pathogenic following six serial passages in chickens. Over the course of passaging, the resulting rH5N3 P6 virus (rH5P6) acquired 12 non-synonymous mutations that involved all eight gene segments. One of these mutations, which involved the catalytic site of the NA (R293K), was associated with decreased NA activity and resistance to the antiviral drug oseltamivir. We further showed that introducing the R293K mutation into the low-pathogenic precursor virus rH5N3 P0 (rH5N3 P0/NA-R293K) increased its virulence but not its transmissibility to naïve contact birds, suggesting that one or more of the remaining changes that had accumulated in rH5P6 likely play an important role in transmissibility.
Host molecular factors involved in the innate immune response as it relates to the severity and outcome of HPAIV infections in chickens are just beginning to be identified [2] [3] [4] [5] [6] . Kuribayashi et al. [2] reported that HPAIV A/turkey/ Italy/4580/1999 (H7N1) induced expression of inflammatory and antiviral cytokines that was proportional to levels of viral replication and that these cytokines in turn were associated with capillary leakage and multi-organ failure. Rebel et al. [4] reported no quantitative difference in a limited number of inflammatory cytokines in the lungs of chickens 24 h following infection with LPAI and HPAI H7N1 viruses. Suzuki et al. [5] reported that the mRNAs for antiviral cytokines INFa and IFNb and pro-inflammatory cytokines IL-6, IL-8, IL-15 and IL-18 were elevated in chicken lungs 24 h following infection with HPAIV A/ chicken/Yamaguchi/7/2004 (H5N1), but then fell dramatically 8 h later. Microarray experiments reported by Ranaware et al. [3] showed that although type I IFNs, cytokines, chemokines and interferon-stimulated genes were highly expressed in the lungs of chickens following infection with HPAIV A/duck/India/02CA10/2011 (H5N1), these responses were unsuccessful in controlling the infection and may have contributed to pathogenesis. Uchida et al. [6] identified seven genes in the lungs of chickens that had been infected with recombinant viruses possessing the surface antigens of HPAIV H5N1 whose expression levels were inversely correlated with survival times. The seven genes were associated with the GO terms response to virus, immune response, infection, interferon and viral reproduction. Overall, these previous studies indicated that the host innate immune response may be ineffective or worse yet contribute to the pathogenesis of HPAIV infections in chickens. Furthermore, the majority of these earlier studies focused on lung, with less information available for other important targets like brain.
In order to gain further insight into the early virus-host interactions associated with rH5P0 and rH5P6 infections in chickens, genome-wide expression profiling of chicken lung and brain was evaluated at 24 and 72 h post-inoculation (h p.i.).
RESULTS

Virus excretion and systemic spread
Prior to virus inoculation, chickens in all groups (control, rH5P0 and rH5P6) tested negative for influenza A virus genomic material in oropharyngeal and cloacal swab specimens. Control chickens remained virus-negative over the duration of the experiment, while rH5P0-and rH5P6-inoculated chickens became positive, initially in oropharyngeal swabs beginning at 24 h p.i. and later in cloacal swabs ( Fig. 1) . Peripheral blood mononuclear cells (PBMC) were also tested for influenza A virus genomic material by M1 gene RT-qPCR. PBMCs from rH5P0 and rH5P6 birds were negative for virus genomic material at 24 h p.i. but by 48 h p.i. PBMCs from rH5P0 birds (n=3) and rH5P6 birds (n=3) were both positive with 87 997±14 236 and 134 106±230 417 copies/sample, respectively (P=0.831). At 72 h p.i. PBMCs collected from rH5P0 birds (n=4) and rH5P6 birds (n=4) were both positive with 1225±1891 and 398 377±653 335 copies/sample, respectively (P=0.311). All of the rH5P0-infected birds appeared clinically normal during the 3 days that followed intranasal inoculation, however, post-mortem examination revealed haemorrhages involving thigh and breast muscles at 48 and 72 h p.i. In the rH5P6-infected group all of the birds appeared clinically normal at 24 and 48 h p.i., but appeared mildly depressed and had bright green faeces at 72 h p.i. Post-mortem examinations carried out on this group revealed haemorrhages on thigh or breast muscles as well as thymic, pancreatic and caecal haemorrhages at 48 and 72 h p.i. Although both viruses were able to produce systemic infections and lesions as determined by the presence of influenza A virus genomic material in various tissues ( and histopathology ( Fig. 2 , Tables S2 and S3 ), the progression of systemic involvement appeared more rapid and extensive in rH5P6-compared with rH5P0-infected birds. Brain inflammation was mild in rH5P0 brains at 72 h p.i. and moderate in rH5P6 brains, although neither had large numbers of infiltrating inflammatory cells.
Gene expression responses common to rH5P0-and rH5P6-infected lung and brain Expression levels of genes in lung and brain following infection with rH5P0 and rH5P6 were compared with the relevant uninfected samples at 24 and 72 h p.i. A one-way ANOVA with a Benjamini-Hochberg FDR-corrected P<0.1 (FDR<10 %) showed significantly varying probes for the brain samples at 24 h (eight significantly varying probes) and 72 h (14 948 significantly varying probes), but not for the lung samples. As a result, an uncorrected one-way ANOVA was performed on the lung experiments and also on the 24 h brain experiment due to its low number of significant probes. The number of significantly varying probes as determined by uncorrected one-way ANOVA P<0.05 was 4784 for 24 h brain, 1388 for 24 h lung and 571 for 72 h lung.
The numbers of differentially expressed genes are summarized in Table 1 , while Venn diagrams show the similarities and differences between up-and down-regulated gene lists in lung at 24 h p.i. and brain at 72 h p.i. (Fig. S1 ). A small number of genes were selected for validation by RT-qPCR assay and although the fold changes were not identical, the overall trend between the microarray and RT-qPCR data was consistent ( Fig. S2 ).
Using a twofold change cutoff, the genes that were commonly up-regulated in the lungs of rH5P0-and rH5P6infected birds at 24 h p.i. were: TGM4, CMBL, SAMD9L, IRG1, MX1, BLB2, IFIT5, LOC422993 (IFN-induced transmembrane protein), OASL, USP18, LOC419812, ZNFX1, LOC420108, LOC418168, IL8, ISG12-2, RSAD2 and STAT1. LOC419812, LOC420108 and LOC418168 are Gallus gallus uncharacterized proteins. From this list, OASL, BLB2, IRG1, RSAD2, LOC422993, SAMD9L and IFIT5 were associated with an 18.53-(P=0.023) and 8.12 (P=0.047)-fold enrichment, respectively, in the GO terms response to biotic stimulus and immune system process based on Gene Ontology Consortium (GOC) analysis. OASL, IL8, BLB2, IRG1, MX1, RSAD2, STAT4, TGM4, USP18 and ZNFX1 were associated with the GO terms: immune response, immune effector response, defence response, response to virus, chemotaxis and inflammation ( Table 2 ). When the above list of commonly up-regulated genes was submitted to the Database for Annotation, Visualization and Integrated Discovery (DAVID) only IL8, STAT 1 and STAT4 were associated with a significant enrichment for the TLR signalling pathway (42-fold enrichment; P=0.023; FDR=0.11). Genes commonly down-regulated in the lungs of rH5P0 and rH5P6 lungs at 24 h p.i. (Table 2) were associated with a 2.91-(P=0.00939) and 2.85 (P=0.00955)-fold enrichment in the GO terms single-cellorganism signalling, negative regulation of mitotic cell cycle and cell communication. However, submitting the same list to DAVID resulted in no significant enrichments of any GO term (FDR>0.1). None of the commonly up-or downregulated genes in the lungs of rH5P0-and rH5P6-infected chickens at 72 h p.i. were associated with enrichment in any GO terms based on GOC analysis, which was confirmed by analysis in DAVID (Table S4 ).
Based on GOC analysis, commonly up-regulated genes in the brains of rH5P0-and rH5P6-infected chickens at 24 h p.i. did not result in enrichment in any GO category. However, the genes that were up-regulated in rH5P6 brains at that time point did result in fold enrichments of 76.94 (P=0.0482), 58.62 (P=0.0357) and 45.26 (P=0.000405), respectively, for the GO categories negative regulation of viral process, defence response to virus and response to virus. By comparison, genes up-regulated >twofold from either rH5P0 or rH5P6 brains at 24 h when submitted to DAVID resulted in no significant functional annotation enrichments (Table S5) . Of the 142 genes that were commonly down-regulated in rH5P0 and rH5P6 brains at 24 h p.i., four (HBAA, GBE, HBE1 and RHAG) were associated with a 33.54 (P=0.044)-fold enrichment in the GO category gas transport. Analysis of down-regulated genes in DAVID showed significant functional annotation enrichment for muscle protein, erythrocyte and immunoglobulin-like fold for rH5P0 brains at 24 h and basement membrane, extracellular matrix and ECM-receptor interaction for rH5N3 P6 brains at 24 h (Table S5 ).
Genes that were commonly up-regulated in the brains of rH5P0-and rH5P6-infected birds at 72 h p.i. were: OASL, ERAP1, CMPK2, PARP9, RSAD2, NMI, CCL10, CCL19, CXCL13L2, C1S, LCP1, TLR3, TLR6, TLR7, ZC3HAV1, CARD11, STAT1, SAMD9L, TAP1, MX1, LOC396260, IFIT5, ISG12-2, LOC417536, LOC420108, LOC427029, ZNFX1, IFI27L2, PLAC8, USP18, PARP14 and MOV10. LOC396260 is the gene for mature avidin, LOC417536 is a Gallus gallus chemokine, while LOC420108 and LOC427029 are both uncharacterized Gallus gallus proteins. These genes were associated with GO terms related to various aspects of the innate immune response when analysed by GOC (Table 2 ). Similar enrichments were found following analysis using DAVID. There were a total of 88 downregulated genes common to rH5P0-and rH5P6-infected brains at 72 h p.i. (Fig. S1 ). These included a diverse collection of genes, some of which are listed in Table 2 , that did not result in the significant enrichment of any GO category based on GOC and DAVID analysis.
Antiviral response is induced in rH5P6-but not rH5P0-infected lungs at 24 h post-inoculation
To compensate for the fact that multiple testing corrections failed to show any significantly varying probes for either rH5P0 or rH5P6 lung samples, we applied a fold change >3 to the uncorrected one-way ANOVA data (P<0.05). This resulted in a total of 40 down-regulated and six up-regulated genes for the rH5P0 versus uninfected control lungs at 24 h p.i. Of the down-regulated genes, only three (WNT9B, TCF15 and FZD3) were associated with an enrichment in the biological process GO:001738 -morphogenesis of polarized epithelium (P=0.0132). The up-regulated genes MX1, IRG1, SAMD9L, CMBL and TGM4 did not result in a significant enrichment in any GO category. By contrast, rH5P6 lungs had a total of 112 genes with fold changes >3 compared with uninfected controls at 24 h. Of the 112 genes, 82 were up-regulated and 30 were down-regulated. The upregulated genes resulted in the enrichment of two major GO categories, negative regulation of viral genome replication (GO:0045071) and response to virus (GO:0009615), which showed fold enrichments of >100 (P=0.000249) and 27.02 (P=0.00665), respectively, and were associated with genes OASL, ZC3HAV1, EIF2AK2, RSAD2 and IFIH1. None of the down-regulated genes in rH5P6 lungs at 24 h resulted in enrichment in any GO category. Applying a >threefold change criterion at 72 h resulted in none of the up-or down-regulated genes in either rH5P0-or rH5P6-infected lungs being significantly associated with enrichment in any GO category.
A post hoc Tukey honest significant difference (HSD) test applied to the uncorrected one-way ANOVA P<0.05 data for rH5P0 lungs at 24 h p.i. using a >threefold cutoff confirmed the enrichment in the biological pathway for morphogenesis of a polarized epithelium based on downregulation of the same three genes WNT9B, TCF15 and FZD3. A post hoc Tukey HSD test applied to the uncorrected one-way ANOVA data for rH5P0 lungs at 72 h p.i. using a >threefold cutoff identified five genes (TLR2-2, TLR7, HCK, CCL4 and C3AR1) that were associated with enrichment for the innate immune response (GO:0045087) and seven genes (TLR2-2, TLR7, HCK, CCL4, C3AR1, SELP and CCR5) that were associated with enrichment in the defence response (GO:0006952). None of the up-regulated or down-regulated genes in rH5P6 lungs at 24 or 72 h p.i. was associated with enrichment in any biological pathway, in contrast to the results obtained using the uncorrected one-way ANOVA data without post hoc testing.
Innate immune responses to rH5P0 and rH5P6 infections in brain correlate with magnitude of virus replication Of the genes that were up-regulated by >twofold in the brains of rH5P0-and rH5P6-infected chickens at 72 h p.i., 32 were common to both, five were unique to the rH5P0infected chickens and 95 were unique to the rH5P6-infected chickens ( Fig. S1 ). Over half of the 32 up-regulated genes common to both were associated with GO categories linked to the innate immune response (Tables 2 and 3 ). Nearly one-third of the genes unique to rH5P6 were also associated with GO categories associated with innate and adaptive immune responses (Table 3) , implying an augmented immune response in the brains of rH5P6-versus rH5P0infected chickens at 72 h p.i. Although the five genes that were uniquely expressed in rH5P0 brains [CTNNA3, PMM2, MNX1, GDF7 and LOC396098 (Gallus gallus B6.1)] were not associated with enrichment in any GO category, it is interesting to note that CTNN3, MNX1 and GDF7 have neurodevelopmental functions.
The apparent augmentation of the innate immune response observed in rH5P6-infected brains is further illustrated by the data shown in Tables 4, 5 and 6. Table 4 shows the fold increase of a number of immune-associated genes in rH5P6-versus rH5P0-infected chickens. Table 5 summarizes the functional annotation clustering of up-regulated genes in rH5P0 brains after analysis in DAVID, while Table 6 summarizes the functional annotation clustering of up-regulated genes in rH5P6 brains.
Application of a post hoc Tukey HSD test to uncorrected one-way ANOVA P<0.05 data revealed that the brains of rH5P0-infected chickens showed no remarkable changes in gene expression at 24 h p.i. In contrast, a number of genes were found to be up-regulated in rH5P6 brains at 24 and 72 h p.i. IFIT5, RSAD2, SAMD9L, OASL, ISG12-2 and MX1, all associated with innate immunity, were among the genes upregulated five-to 15-fold at 24 h p.i. By 72 h p.i. the expression levels of IFIT5, RSAD2, SAMD9L, OASL, ISG12-2 and MX1 had increased a further three-to sevenfold. Other genes that exhibited increased levels of expression were mature avidin (185-to 230-fold increase compared with uninfected controls), CCLI10, CXCL13L2, C1S, CCL19, CCL4, Gallus gallus chemokine ah221, SOCS1, SOCS3, TLR3, TLR6, TNFRSF8, IRF1, IRF10, IFIH1, STST1, IFI27L2, BF1 and STAT1. All were significantly increased above the levels found in control uninfected birds with fold changes >6.
Comparisons of gene expression in rH5P0 versus control brain at 24 h p.i., rH5P6 versus control brain at 72 h p.i. and rH5P6 versus rH5P0 brain at 72 h p.i. were further examined by dividing the post hoc test results into positive and negative fold changes, and a Benjamini and Yekutieli corrected (P<0.3) hypergeometric test was applied to look for overlapping enriched-GO categories. A >twofold down-regulation in HBAA, HBAD and HBG2, which was associated Table 3 . Differential gene expression and associated pathways in the brains of rH5P0-and rH5P6-infected chickens at 72 h p.i.
Commonly up-regulated genes from rH5P0 and rH5P6 brains and genes that were exclusively up-regulated in rH5P6 brains were identified using VENNY 2.1.0 and then submitted for enrichment analysis using the Gene Ontology Consortium website.
Genes up-regulated in rH5P0 and rH5P6 brains
Gene with a >fivefold enrichment in the GO categories oxygen transport and gas transport, was observed in rH5P0 versus control brains at 24 h p.i. Since haemoglobin genes are only expressed in red blood cells, this could be interpreted as reduced blood flow to the brain in rH5P0-infected versus control birds. In rH5P6 versus control brains at 72 h p.i., a >twofold increase in expression of B2M, BLNK, IRF7, BF2, TMEM173, MYD88, TLR2-2 and IRF8 was associated with a >fivefold enrichment in the GO categories type I IFN production, activation and positive regulation of innate immune response, regulation of cytokine production, regulation of immune response and defence response, among others. At 72 h p.i., the same set of genes showed a >twofold increase in rH5P6 brains relative to rH5P0 brains, resulting in an identical enrichment in GO categories.
DISCUSSION
In this study we examined the genome-wide expression profiles of chicken lung and brain following infection with rH5P0 and rH5P6, two recombinant avian influenza viruses identical with respect to their PBCS but different with respect to their virulence and pathogenicity. We postulated that this approach would reveal differences in host molecular responses that could contribute to our understanding of the disparate outcomes observed following infection, as well as generating hypotheses to guide future research. Two web-based bioinformatics tools, GOC and DAVID, were used for functional annotation of genes and pathway analysis. Although these tools generated variable results for 24 h p.i. lung samples, the results for 72 h p.i. brain samples were generally in agreement.
Chicken groups inoculated with rH5P0 and rH5P6 were both productively infected, shedding their respective viruses from 24 to 72 h p.i. Both viruses produced systemic infections, however, viral tissue loads and the progression of clinical disease were more pronounced in rH5P6-infected birds. rH5P6 appears to have established infection in the lung earlier, along with an earlier and more prominent neuroinvasion, as evidenced by viral loads in the brain that were three orders of magnitude higher than in rH5P0-inoculated birds. Based on analysis of the uncorrected one-way ANOVA data (P<0.05, fold change >3), genes associated with an antiviral response were up-regulated in the lungs of rH5P6-infected chickens at 24 h p.i. Conversely, following application of a post hoc Tukey HSD test, the up-regulation of genes associated with the innate immune response was only evident in the lungs of rH5P0-inoculated birds at 72 h p.i. Down-regulation of genes associated with the morphogenesis of polarized epithelium was also noted in the lungs of rH5P0 inoculated birds at 24 h p.i. It is noteworthy that the in vivo targets of influenza A viruses are polarized epithelial cells, with virus entering and exiting these cells via the apical domain [7] [8] [9] [10] . Whether a reduction or loss of cell polarity may impact on systemic virus spread in chickens is not known.
The most prominently up-regulated gene in the brains of rH5P6-infected chickens compared with control birds at 72 h p.i. was that for avidin (LOC396260). The 90-240-fold change in expression relative to uninfected controls, and the comparable levels of up-regulation seen in the brains of rH5P6-versus rH5P0-infected chickens at the same time point (54-70 FC), are worth noting. Avidin, an acute defence protein, is induced by two different mechanisms in birds: progestin-induced production in the avian oviduct and inflammation-induced production in other tissues [11, 12] . Significant up-regulation of avidin expression has been observed in the spleens and ceca of chickens infected with Salmonella enterica [13, 14] . A number of cell types, including fibroblasts, heterophils and macrophages, can produce avidin following non-specific injuries to tissues, including those induced by bacteria, viruses and toxins [12, 15] . Microglia are the most likely source of up-regulated avidin expression in the brain. The fact that expression was 54-to 70-fold higher in the brains of rH5P6 versus rH5P0 chickens suggests that avidin could be viewed as a molecular biomarker to gauge the severity of inflammation.
MX1, an interferon-induced antiviral effector protein that belongs to the dyamin super family of large GTPases [16] , was up-regulated 20-fold in the brains of rH5P6-infected chickens at 72 h p.i. In mice, MX1 inhibits influenza A virus replication by specifically blocking primary viral mRNA synthesis. Experimental evidence has indicated that the MX GTPases recognize nucleocapsid proteins in the context of the assembled nucleocapsid structure [17] . The antiviral properties of chicken MX proteins vary with different lines. Breeds with a serine at amino acid residue 631 exhibit low antiviral activity, while breeds with an asparagine at residue 631 are reported to exhibit high antiviral activity [18] [19] [20] . White Leghorn chickens, the breed used in this study, are reported to have an allele frequency of 0.8387 Ser and 0.1613 Asn [21] , implying low antiviral activity. However, Schusser et al. [22] reported that both 631Ser and 631Asn isoforms of MX1 in chickens lacked GTPase and antiviral activity, suggesting that other interferon-induced factors may be responsible for the inhibition of influenza A viruses in chicken cells. Three other interferon-stimulated genes that were significantly up-regulated in brain at 72 h p.i. deserve mention. They are IFIH1 (also known as MDA5), RSAD2 (also known as viperin) and ZC3HAV1 [also known as Table 5 . Functional annotation clustering of up-regulated genes (FC>2.0, q<0.1) in brains of rH5P0-infected chickens at 72 h post-inoculation Function annotation clustering analysis was carried out in DAVID version 6.7. The selected genes used in the analysis were those up-regulated more than twofold compared to uninfected control birds at the same time point post-inoculation. The gene identifier used was ENSEMBL_GENE_ID against a Gallus gallus background. The partial list in this table is based on a P-value cutoff of 0.05. The shaded area highlights pathways with FDR<0.1. polyADP-ribose polymerase-13 (PARP13) and zinc-finger antiviral protein (ZAP)]. RSAD2 and ZC3HAV1 were upregulated in rH5P0 and rH5P6 brains at 72 h.p.i., while IFIH1 was only up-regulated in rH5P6 brains at 72 h p.i. MDA5 is a RIG-I-like receptor (RLR) that has been shown to sense influenza A virus infection in chicken cells [23, 24] . Chickens, unlike ducks, do not express RIG-I, and this deficiency was suggested to account for the increased susceptibility of chickens compared with ducks to some avian influenza virus infections [25] . Work carried out by Liniger et al. [23] and Hayashi et al. [24] demonstrated that the chicken RLR pathway responds to dsRNA stimulation and that chicken MDA5 can functionally compensate for the absence of RIG-I. Specifically, chicken CARDIF (also known as mitochondrial antiviral signalling protein or MAVS) was shown to function downstream of chicken MDA5 and upstream of chicken IRF3, similar to the mammalian RLR-MAVS-mediated signal transduction pathway. But, unlike in mammals, chicken MDA5 can apparently sense influenza A virus in a 5¢-ppp-dsRNA-or 5¢-pp-dsRNA-independent manner. These authors further showed that influenza A virus NS1 protein can interfere with this pathway in much the same way that NS1 antagonizes the RIG-I specific induction of type I IFNs [26] . RSAD2 or viperin is thought to inhibit influenza A virus infections by blocking virion budding and release from infected cells via Table 6 . Functional annotation clustering of up-regulated genes (FC >2.0, q<0.1) in brains of rH5P6-infected chickens at 72 h post-inoculation Function annotation clustering analysis was carried out in DAVID version 6.7. The selected genes used in the analysis were those up-regulated more than two-fold compared to uninfected control birds at the same time point post-inoculation. The gene identifier used was ENSEMBL_GENE_ID against a Gallus gallus background. The partial list in this table is based on a P-value cutoff of 0.05. The shaded area highlights pathways with FDR<0.1. the disruption of lipid rafts (reviewed in [27] ). Goossens et al. [28] identified and characterized the chicken viperin gene and demonstrated that it was up-regulated in chicken lung and spleen in response to HPAIV H5N1 infection. In mammals viperin expression is induced via the RIG-I pathway and to a lesser extent the MDA5 pathway [29] . Since chickens do not express RIG-I, influenza-A-virus-induced viperin expression may be driven by the cytoplasmic RNA helicase MDA5 or the transmembrane receptor TLR3, a nucleotide sensing TLR, which is also activated by dsRNA. The induction of chicken viperin showed similar kinetics to that of MX1 [28] , however as with MX1, the role that viperin plays in achieving an antiviral state in chickens needs further examination. ZC3HAV1 recognizes viral RNA and targets it for degradation via the RNA exosome (reviewed in [30] ). Uchida et al. [6] also reported the upregulation of ZC3HAV1 in chicken lung in response to HPAIV infection, however, up-regulation of this gene along with OASL, USP18, PLA2G6, RNF19B, GCH1 and CD274, was associated with reduced survival times. This contradictory result involving a protein with antiviral properties will require further study.
Term
Why rH5P6 infections are lethal, while rH5P0 infections are not, despite what appears to be an appropriate innate immune response, is still not known. Others [31] have also reported the insensitivity of HPAIV infections in chickens to high levels of type I IFN induction and the associated innate immune response. The inferred extent and magnitude of the innate and adaptive immune responses observed in the brains of rH5P6-versus rH5P0-infected chickens could imply an immunopathological mechanism as a contributory factor. In this regard, Hu et al. [32] showed that the increased virulence of A/chicken/Jiangsu/k0402/2010 (H5N1) for mallard ducks (Anas platyrhynchos) correlated with a sustained and strong innate immune response in the brain. In a similar vein, Rue et al. [33] compared the innate immune response of chickens infected with the highly virulent Newcastle disease virus isolate California/S0212676/ 2002 with the response to the low-virulence vaccine strain LaSota and concluded that the host's innate immune response may play a role in pathogenesis. In the current study the pattern-recognition receptors (PRRs) of the innate immune system that were up-regulated in brain included TLR2-2, TLR3, TLR6, TLR7, the RLR MDA5 and the nucleotide-binding domain leucine-rich repeat containing protein (NLR) NLRC5. NLRC5 not only plays a role in the homeostatic control of innate immunity and antiviral defence responses, but has been shown to be a key regulator of MHC-class-I-dependent immune responses [34] . The up-regulation of several PRRs, along with CARD11, a caspase activation recruitment domain family member, combined with the down-regulation of AVEN, a caspase activation inhibitor [35] , implies inflammasome activation (see [36] for a review). IL-18 and the initial components of the IL-18 system, IL18R1 and MYD88, are also selectively up-regulated in rH5P6 brains at 72 h p.i. It has been suggested that the IL-18 system may play an important role in the activation and response of microglia and infiltrating cells during CNS inflammation. Similar to mammals, IL-18 has been shown to stimulate the proliferation and IFN-g release from CD4 + T cells in chickens, hence promoting Th1-like pro-inflammatory responses [37] . Although neither rH5P0-nor rH5P6-infected chickens had large numbers of infiltrating inflammatory cells in the brain at 72 h, evidence of brain inflammation was more pronounced in the latter.
SOC1 and SOC3 expression was also elevated in rH5P6 but not rH5P0 brains. The suppressor of cytokine-signalling SOC1 and SOC3 proteins, which inhibit TLR and type I IFN signalling [38] [39] [40] [41] , are up-regulated in response to influenza A virus infection and have thus been implicated in molecular pathogenesis. It has been suggested that influenza-A-virus-induced SOC1 and SOC3 expression may act in concert to inhibit type I IFN signalling and hence the host's antiviral response, while at the same time enhancing activation of the pro-inflammatory NF-kB pathway [38, 40] . The significant up-regulation of inflammatory chemokines CCL19, CCLI10 and CCL4 in rH5P6 compared with rH5P0 brains further supports the notion of a potential imbalance between the innate responses aimed at blocking virus replication and those that induce a pro-inflammatory response.
In summary, the brains of rH5P6-infected chickens show many of the features of acute CNS inflammation, including a systemic acute phase response and the synthesis of inflammatory mediators [42] , likely in response to high viral loads. The extent and magnitude of this response may contribute to the differences in pathogenicity observed between rH5P0 and rH5P6. Future studies utilizing primary chicken braincell cultures could be used to more closely examine RSAD2, IFIH1 (MDA5) and MX1 induction following influenza A virus infection and their subsequent effects on controlling virus replication.
METHODS
Viruses rH5N3 P0 (rH5P0) and rH5N3 P6 (rH5P6) were amplified in embryonated chicken eggs and titrated on MDCK cells as previously described [1] .
Chicken inoculation
All experiments were carried out in accordance with guidelines set out by the Canadian Council on Animal Care and approved by the Canadian Science Centre for Human and Animal Health Animal Care Committee. Thirty specific pathogen-free 6-week-old White Leghorn chickens (Gallus gallus domesticus) were housed in groups of 10 in separate containment-level-3 animal cubicles for 10 days prior to virus inoculation. During this time oropharyngeal and cloacal swab specimens were collected and tested for the presence of influenza A virus by real-time RT-PCR assay [43] . Birds were intranasally inoculated with 4Â10 4 p.f.u. of rH5P0 in a volume of 0.5 ml (10 birds rH5P6 (10 birds) and sterile PBS (10 birds). A portion of each inoculum was used for back titration on MDCK cells to confirm the dose administered. At 24, 48 and 72 h p.i., three birds from each group were randomly selected for euthanasia and samples of lung, spleen, heart and brain were harvested and split immediately between RNAlater (Qiagen) and 10 % neutral buffered formalin.
Histopathology and immunohistochemistry
Formalin-fixed tissues were embedded in paraffin, sectioned and stained with haematoxylin and eosin. Microscopic lesions were assessed semi-quantitatively as mild, moderate or severe. For immunohistochemistry, tissue sections were quenched for 10 min in aqueous 3 % H 2 O 2 and then pretreated with proteinase K for 15 min. Mouse monoclonal antibody F26NP9, specific for influenza A nucleoprotein [44] , was used at a 1 : 10 000 dilution for 1 h. Influenza antigen in tissue sections was then visualized using a HRPlabelled polymer, Envision + system (anti-mouse, Dako), which reacted with the chromagen diaminobenzidine (DAB). The sections were counter-stained with Gill's haematoxylin.
RNA extraction and quantitative RT-PCR (RT-qPCR)
Total RNA was extracted from clarified oropharyngeal and cloacal swab samples using the MagMaxÀ96/AI/ND Viral RNA Isolation Kit (Ambion) following the manufacturer's protocol. To quantify the amount of viral RNA in each swab, an RT-qPCR specific for the influenza A virus M1 gene was performed as previously described [43] . Standard curves were generated for each run using serial dilutions of in vitro transcribed influenza A virus segment 7. Total RNA was extracted from peripheral blood mononuclear cells (PBMCs) purified through a Ficoll-Paque density gradient. A total of 1.0Â10 7 PBMC/sample was extracted in TriPure isolation reagent (Roche) and the isolated RNA was used to quantitate the influenza A virus M1 gene copy number by RT-qPCR.
RNA extraction and quantification for microarray analysis
Approximately 100 mg pieces of lung and brain tissue were homogenized in 1 ml TriPure isolation reagent using 1.0 mm zirconia/silica beads (BioSpec). Following homogenization, 0.2 ml of chloroform was added to each sample and then vortexed for 15-30 s. Phase separation was achieved by centrifugation and the upper aqueous phase was mixed with an equal volume of 75 % ethanol and then applied to an RNeasy column (Qiagen). This was followed by 1Â wash with buffer RW1 and 2Â washes with buffer RPE. Residual RPE was removed by an additional centrifugation step and the RNA eluted into 50 µl of nuclease-free water. OD 260 , OD 280 and RNA concentrations were determined on a NanoDrop ND-1000 spectrophotometer (Nano Drop Technologies). The RNA concentration and RNA integrity number (RIN) were determined using a eukaryote total RNA nano chip and an Agilent Bioanalyzer 2100, and only RNA samples with RINs >7.0 were used for microarray analysis.
Microarray analysis
Genome-wide expression analysis using the chicken 60-mer V2 44k array containing 43 663 probes (Agilent Technologies) was carried out by the UHN Microarray Centre, Princess Margaret Genomics Centre, Toronto, Canada. Parameters were assigned to the samples on the basis of tissue, treatment and time. Biological replicates, which consisted of three individual samples/group/time point, were analysed in the following eight experiments:
(1) Brain 24 hcontrol brain 24 h, rH5P0 brain 24 h, rH5P6 brain 24 h. (2) Brain 72 hcontrol brain 72 h, rH5P0 brain 72 h, rH5P6 brain 72 h. Data were checked for overall quality using the statistical programming language R version 2.15.3 with Bioconductor framework and the Array Quality Metrics package installed. All passed quality control and were included for further analysis. Data were first filtered to remove the confounding effect that probes showing no signal may have had on subsequent analysis. Only probes that were above the 20th percentile of the distribution of intensities in 100 % of any one of the three groups were allowed to pass through the filtering. Each experiment was processed individually. Statistical analysis included one-way ANOVA with a Benjamini-Hochberg false discovery rate (FDR) correction (q<0.1) [45] and uncorrected one-way ANOVA (P<0.05).
In order to look at specific comparisons of interest (e.g. rH5P6 and control brain at 72 h), a post hoc Tukey honest significant difference (HSD) test was applied after the ANOVA. To interpret specific comparisons of interest further, the results of each post hoc test were divided into positive and negative fold changes and a Benjamini and Yekutieli corrected (P<0.3) hypergeometric test [46] was applied to look for enriched gene ontology (GO) categories.
The microarray data were deposited in the NCBI Gene Expression Omnibus (accession number GSE96837).
Bioinformatics and functional analysis
Venn diagrams were generated using VENNY 2.1.0. Pathway analysis was carried out using the Gene Ontology Consortium website [47] with HUGO Gene-Nomenclature-
